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Formazanate Complexes of Hypervalent Group-14 Elements as 
Precursors to Electronically Stabilized Radicals 
Ryan R. Maar,[a] Sara D. Catingan,[a] Viktor N. Staroverov,[a] and Joe B. Gilroy*[a] 
 
Abstract: The stability of molecular radicals containing main-group 
elements usually hinges on the presence of bulky substituents that 
shield the reactive radical center. We describe a family of group-14 
formazanate complexes whose chemical reduction allows access to 
radicals that are stabilized instead by geometric and electron-
delocalization effects, specifically by the square-pyramidal 
coordination geometry adopted by the group-14 atom (Si, Ge, Sn) 
within the framework of the heteroatom-rich formazanate ligands. 
The reduction potentials of the Si, Ge, and Sn complexes as 
determined by cyclic voltammetry become more negative in that 
order. Examination of the solid-state structures of these complexes 
suggested that their electron-accepting ability decreases with 
increasing group-14 atom size because a larger central atom 
increases the nonplanarity of the ligand-based conjugated -electron 
system of the complex. The experimental findings were supported by 
density-functional calculations on the parent complexes and the 
corresponding radical anions. 
The ability to synthesize, isolate, and characterize molecular 
compounds that defy conventional chemical bonding models is a 
long-standing goal of the main-group chemistry community. In 
this context, open-shell systems (i.e., radicals) of main-group 
compounds have received significant attention.[1] In particular, 
stable radicals[2] containing group-14 elements (E = Si, Ge, or 
Sn)[3] have been structurally characterized by the Power[4] (1) 
and Sekiguchi (2[5] and 3[6]) groups. The key to isolating these 
reactive species is the stabilization afforded by the large 
aromatic and persilyl substituents present in the supporting 
ligand backbones.[7] Another effective way to stabilize group-14 
radicals is to combine bulky substituents with strongly σ-
donating ligands. To that end, N-heterocyclic carbenes,[8] and 
cyclic alkyl(amino) carbenes[9] are most frequently used. The 
outcome is exemplified by compound 4, which is comprised of a 
sterically-imposing carbene that acts both as a -donor and -
acceptor to stabilize the unpaired electron.[10] A third approach 
involves the combination of bulky substituents and chelating 
ligands such as β-diketiminates,[11] which have the potential to 
stabilize the radical through inductive effects and electron 
delocalization. In that manner, the Jones and co-workers 
isolated compound 5, the first example of a neutral, monomeric 
Ge(I)-centered radical.[12] More recently, Wang et al.[13] 
demonstrated that structural modification of the β-diketiminate 
backbone leads to the formation of complex 6, a ligand-centered 
radical.  
Here, we report complexes and radicals containing 
hypervalent group-14 elements supported by a tetradentate 
N2O2
3‒ formazanate ligand.[14] These radicals do not benefit from 
appreciable steric bulk and appear to be stabilized via extended 
electron delocalization over multiple electronegative atoms. The 
quasi-square-pyramidal geometry adopted by the group-14 
elements in such complexes plays a critical role in this process.   
The target complexes 8‒10 were prepared according to 
Scheme 1 (Figures S1‒S6). Formazan 7[15] was treated with 
excess NaH to generate the corresponding trianion, which was 
then reacted with the appropriate group-14-containing 
phenyltrichloride (EPhCl3; E = Si, Ge, or Sn) to give complexes 
8‒10 in 53‒65% yield. Radicals 8•‒‒10•‒ were prepared                    
by reacting the parent formazanate complex with 
bis(pentamethylcyclopentadienyl)cobalt (CoCp*2) and isolated in 
62% (8•‒) and 61% (9•‒) yield (see the Supporting Information for 
details). While radicals 8•‒ and 9•‒ could be isolated and 
structurally characterized, the Sn analog 10•‒ proved to be 
unstable (see below).  
Complexes 8‒10 absorbed throughout the visible region of 
the electromagnetic spectrum and particularly strongly at longer 
wavelengths (Figures 1a‒c). Complex 8 had absorption maxima 
(λmax) at 662 nm (ε = 16,800 M
‒1 cm‒1), 474 nm (ε =                       
3,700 M‒1 cm‒1), and 329 nm (ε = 14,600 M‒1 cm‒1). The spectra 
of complexes 9 [λmax: 681 nm (ε = 21,200 M
‒1 cm‒1);   472 nm (ε 
= 4,400 M‒1 cm‒1); 331 nm (ε = 18,500 M‒1 cm‒1)] and 10 [λmax: 
681 nm (ε = 22,200 M‒1 cm‒1); 463 nm (ε = 4,600 M‒1 cm‒1);             
333 nm (ε = 17,000 M‒1 cm‒1)] were similar. The experimental 
UV-vis absorption spectra were qualitatively reproduced by 
adiabatic linear-response time-dependent density functional 
theory calculations performed with the Gaussian program[16] 
using the PBE1PBE functional,[17] 6-311+G* basis set, and 
implicit solvation methods (Figure S7 and Table S3). The 
calculations showed that the observed lowest-energy electronic 
transitions have π→π* character and involve highly delocalized 
molecular orbitals (Figures 2a, S8, and S9). 
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Chemical reduction of 8‒10 was accompanied by three 
major changes to the corresponding absorption spectra: 1) the 
disappearance of the lowest-energy absorption band, 2) the 
appearance of a broad absorption band red-shifted relative to 
the parent complexes [8•‒: λmax = 772 nm (ε = 3,300 M
‒1 cm‒1);           
9•‒: λmax = 813 nm (ε = 4,600 M
‒1 cm‒1)], and 3) the appearance 
of a peak blue-shifted relative to the parent complexes [8•‒: λmax 
= 483 nm (ε = 5,000 M‒1 cm‒1); 9•‒: λmax = 485 nm (ε =                      
7,800 M‒1 cm‒1)] (Figures 1a‒c). These observations suggest 
the formation of a formazanate-centered radical.[18]  
 Electron paramagnetic resonance (EPR) spectra, collected 
for dry, degassed CH2Cl2 solutions of 8
•‒ (g = 2.0037) and 9•‒ (g 
= 2.0035) were well-resolved (Figures 1d and 1e). The isotropic 
hyperfine coupling constants (a) for the N and H atoms labelled 
in Scheme 1 were extracted from these spectra using the 
EasySpin software package[19] and were found to be as follows: 
8•‒: aN(bottom) = 5.05 G, aN(top) = 3.37 G, aH(ortho) = 1.61 G, aH(para) = 
1.58 G; 9•‒: aN(bottom) = 4.94 G, aN(top) = 3.75 G, aH(ortho) = 1.56 G, 
aH(para) = 1.55 G. All of these constants were consistent with the 
theoretically predicted values (Table S4). The calculated singly-
occupied molecular orbitals (SOMOs) and spin-density maps of 
8•‒ and 9•‒ (Figures 2a and S8) indicate that the unpaired 
electron is most likely to be found on the formazante nitrogen 
atoms. Note that the low relative abundance of the spin-active 
isotopes of Si and Ge did not allow us to extract the 
experimental hyperfine constants for these atoms; the density-
functional calculations predicted aSi = 4.0 G and aGe = 2.3 G 
(Tables S5 and S6).  
To understand the difficulties encountered during the 
attempted isolation of radical 10•‒ (E = Sn), we probed the 
electron-accepting abilities of complexes 8‒10 using cyclic 
voltammetry (CV) (Figure 1f). The CV data showed that 
compounds 8 and 9 undergo two one-electron, reversible 
electrochemical reductions (8:  Ered1 = ‒0.91 V, Ered2 = ‒1.84 V; 
9: Ered1 = ‒0.98 V, Ered2 = ‒1.86 V relative to the 
ferrocene/ferrocenium redox couple), which correspond to the 
formation of a radical anions and dianions, respectively. In 
contrast, complex 10 exhibited two irreversible one-electron 
reductions at ‒1.10 V and ‒1.88 V. The more negative reduction 
potentials observed for complex 10 and the lack of reversibility 
of the reduction events in the CV are consistent with the 
generation of highly reactive species. They also provide 
evidence that complex 10 is a poorer electron-acceptor 
compared to complexes 8 and 9.  
Examination of the experimental solid-state structures and 
the calculated gas-phase geometries of complexes 8‒10 and 
 
 
Scheme 1. Synthetic route to group-14 formazanates 8‒10 and radical anions 8
•‒
‒10
•‒
. 
 
 
 
Figure 1. (a‒c) UV-vis absorption spectra of complexes 8‒10 and radicals 8
•‒
 and 9
•‒
 recorded for 20 µM dry, degassed CH2Cl2 solutions. (d, e) EPR spectra 
of radicals 8
•‒
 and 9
•‒
 recorded for 40 µM (8
•‒
) and 60 µM (9
•‒
) dry, degassed CH2Cl2 solutions at 21 C. (f) Cyclic voltammograms of complexes 8‒10 
recorded in dry, degassed CH2Cl2 containing ~1 mM analyte and 0.1 M [nBu4N][PF6] at a scan rate of 250 mV s
‒1
. The arrows denote the scan direction.   
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radicals 8•‒ and 9•‒ (Figures 2b, S8, S9, Tables S1 and S2) 
revealed that these molecules adopt an approximately square-
pyramidal geometry at the group-14 atoms, which is in stark 
contrast with the trigonal-bipyramidal geometry reported by 
Nabeshima et al.[20] for structurally-related group-14 N2O2 
dipyrrinate complexes, likely due to differences between the five-
membered (formazanate) and six-membered (dipyrrinate) 
chelate rings. This observation was quantified by computing the 
structural parameter τ of Addison and co-workers, which is 
defined in such a way that it has a value of 0 for a perfect 
square-pyramidal geometry and a value of 1 for an ideal trigonal 
bipyramid.[21] Complexes 8‒10 and radicals 8•‒ and 9•‒ have τ 
values between 0.02 and 0.15 compared to τ = 0.82, 0.67, and 
0.59 for the analogous group-14 N2O2 dipyrrinates. 
The size of the group-14 atom has a significant effect on 
the relative co-planarity of the N2O2 binding pocket and ligand 
backbone. Specifically, the larger O2-E-O1 bond angle (θ1) of 
complex 10 [94.58(18)°] relative to complexes 9 [88.54(13)°][22] 
and 8 [88.95(5)°] is likely a result of the relatively larger van der 
Waals radius of Sn (Figure 2 and Table 1).[23] The sum of the 
bond angles about the square plane defined by the group-14 
elements in the N2O2 pocket (i.e., Σθ1‒4) is less than 360° and 
decreases with increasing size of the group-14 atom [8: 
343.77(5)°; 9: 339.28(14)°[22]; 10: 332.41(18)°]. Moreover, a 
larger group-14 atom experiences a greater displacement from 
the N4O2 plane (8: 0.467 Å; 9:  0.593 Å
[22]; 10: 0.739 Å). This 
structural change affects the degree of coplanarity between the 
N-aryl substituents relative to the N4O2 plane (Figure 2d and 
Table 1) and thereby reduces the overlap between the 
corresponding  systems. We also compared the average 
dihedral angles  [φ = (φ1 + φ2)/2] between the N-aryl substituents 
and the N4O2 plane and found that φ was larger for complex 10 
(φ = 26.81°) than for complexes 8 (φ = 22.44°) and 9 (φ = 
22.63°).[22] The increased deviation from planarity hampers 
electron delocalization and diminishes the electron-accepting 
properties of complex 10, as as evidenced by the CV 
experiments discussed above.  
Upon chemical reduction, the N2O2 binding pockets of 
radicals 8•‒ and 9•‒ undergo a geometric change. The sums of 
the bond angles about the group-14 elements in 8•‒ and 9•‒ 
become closer to 360° [8•‒: 345.90(17)°; 9•‒: 342.58(10)°] 
compared to 8 [343.77(5)°] and 9 [339.28(14)°][22] and the group-
Table 1. Notable metrics of solid-state structures 8‒10, 8
•‒
, and 9
•‒
. 
 O2-E-O1 
bond angle  
(θ1, °) 
Sum of 
angles about 
E (Σθ1‒4, °) 
Average 
dihedral angle           
(φ, °) 
Displacement 
of E from N4O2 
plane (Å) 
8 88.95(5) 343.77(5) 22.4 0.467 
9
[22]
   88.54(13)   339.28(14) 22.6 0.593 
10   94.58(18)   332.41(18) 26.8 0.738 
8
•‒
   86.65(16)   345.90(17) 10.5 0.445 
9
•‒
 88.07(9)   342.58(10) 13.5 0.531 
 
 
 
 
Figure 2. (a) Molecular orbitals of 8 and 8
•‒
 and the spin density of 8
•‒ 
calculated at the PBE1PBE/6-311+G* level of theory in CH2Cl2 solution. (b) Top and 
side views of the solid-state structures of 8 and 8
•‒
. Anisotropic displacement ellipsoids are shown at the 50% probability level and the hydrogen atoms and 
apical-phenyl substituents (side views) have been omitted for clarity. (c) Graphical depiction of the N2O2 binding pocket looking at various bond angles θ1‒4. 
(d) The method used to calculate the dihedral angles φ1 and φ2.  
 
COMMUNICATION          
 
 
 
 
14 atoms are drawn closer to the N4O2 plane than in the parent 
complexes (8: 0.467 Å vs. 8•‒: 0.445 Å and 9: 0.593 Å[22] vs. 9•‒: 
0.531 Å). The decrease in φ (8•‒: 10.49°; 9•‒: 13.52°) is 
consistent with an increased coplanarity between the N-aryl 
substituents and the N4O2 plane. Such structural changes would 
be disfavored by a larger group-14 atom such as Sn, which 
would explain the observed instability of radical 10•‒. 
The average N-N bond lengths in complexes 8‒10 are 
intermediate between typical single and double N-N bonds.[24] 
Chemical reduction causes these bonds to elongate from 
1.3124(16) Å in 8 to 1.362(5) Å in 8•‒, consistent with the 
unpaired electron occupying an orbital with antibonding N-N 
character (Figure 2a). A similar trend was observed when 9  
[1.312(5) Å][22] was reduced to 9•‒ [1.357(3) Å]. In addition, 
chemical reduction results in shorter N-E bonds [8: 1.8834(12) Å 
vs. 8•‒: 1.832(4) Å and 9: 1.986(4) Å vs. 9•‒: 1.929(2) Å][22] and 
longer C-E bonds [8: 1.8580(14) Å vs. 8•‒: 1.879(5) Å and 9: 
1.922(5) Å[22] vs. 9•‒: 1.948(3) Å] of the apical phenyl substituent.  
In conclusion, we have prepared and characterized a 
family of formazanate complexes 8‒10 of hypervalent group-14 
elements. The electron-accepting properties of these complexes 
were confirmed using CV; their chemical reduction with CoCp*2 
resulted in stable radicals containing Si (8•‒)and Ge (9•‒). Our 
inability to isolate an analogous Sn-containing radical was 
supported by CV experiments, revealing irreversible reduction 
events at more negative potentials compared to the Si- and Ge-
containing species. We rationalized these findings by observing 
that the -electron systems of formazanate complexes of Si, Ge, 
and Sn become less planar as the size of the group-14 atom 
increases and by linking larger deviations from planarity with a 
lower stability of the corresponding radical anion. X-ray 
crystallography and UV-vis absorption spectroscopy suggested 
that the unpaired electron density in 8•‒ and 9•‒ was the highest 
on the formazanate ligand and this was confirmed by EPR 
spectroscopy. Thus, electron delocalization and stabilitzation by 
multiple electronegative atoms in complexes 8 and 9 allowed us 
to isolate group-14-containing radicals in the absence of 
significant steric bulk.  
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